A study of the anodic oxidation of vinyl ethylene carbonate (VEC) was conducted with post-mortem analysis of reaction products by ATR-FTIR and gel permeation chromatography (GPC). The half-wave potential (E 1/2 ) for oxidation of VEC is ca. 3.6 V producing a resistive film on the electrode surface. GPC analysis of the film on a gold electrode produced by anodization of a commercial Li-ion battery electrolyte containing 2 % VEC at 4.1 V showed the presence of a high molecular weight polymer. IR analysis indicated polycarbonate with alkyl carbonate rings linked by aliphatic methylene and methyl branches.
Introduction
Electrolyte additives are an important part of Li-ion battery technology yet their role in the battery chemistry is often not understood. Prominent among these additives are those that appear to improve the selectivity of the electrolyte reduction chemistry on graphite electrodes, allowing the use of propylene carbonate (PC) based electrolytes versus the more established ethylene carbonate (EC) based electrolytes. PC based electrolytes are attractive for automotive applications in particular because of their superior low temperature conductivity [1] [2] [3] . Although there are numerous compounds in the patent literature that are claimed to have such properties, only a few have been studied and discussed in publications. Examples are ethylene sulfite [4] , and the unsaturated carbonates vinylene carbonate (VC) [5] [6] [7] [8] [9] [10] and vinyl ethylene carbonate (VEC) [11] [12] . The electrochemical reduction of both VC and VEC has been studied in some detail, including quantum chemical calculations of the energetics that identified the most probable reaction pathway [13] [14] . Both VC and VEC appear to be reduced at potentials above 1.0 V (vs. Li/Li + ) and form a passivating film that prevents solvent cointercalation and exfoliation of the graphite at lower potentials [6] [7] 11] . However, these studies have focused on the reduction chemistry of VC and VEC without discussing the anodic stability of the additive. The chemical stability of VC is a concern [5] , and the stabilizers typically added to VC have oxidation potentials in the 3.5 -4.0 V region. Hu et al. [11] proposed that VEC was more stable than VC and demonstrated that it functioned successfully as a film forming additive in PC based electrolyte. Vollmer et al. [12] examined the reduction chemistry of EC, PC and VEC using quantum chemical Density Functional Theory and concluded that the reduction potential of VEC is ca. + 1 V 3 more positive than that of EC or PC, indicating that VEC would probably be preferentially reduced to form a passivating film. VEC was, therefore, studied as an additive to the GEN2 electrolyte in the U.S. Department of Energy Advanced Technology Development (ATD) program. Descriptions of the ATD program [15] and cell chemistry [16] have been reported previously, along with a number of post-mortem diagnostic studies [16] [17] [18] .
In the present work, we report on a study of the anodic stability of VEC additive after finding some anomalous characteristics in the 18650 cell with the 2 wt%. VEC additive. As with other cells in the ATD GEN2 program, the cell was assembled and preconditioned at Quallion and shipped to LBNL in the fully discharged state. Prior to shipping to LBNL, the cell was discharged to 2.7 V at the C/1 rate. The cell was opened as-received in a glovebox at LBNL and individual components removed for diagnostic analysis. During FTIR analysis of the graphite anode, we noticed that it was unusually (versus baseline Gen 2 anodes) reactive and possibly still contained active lithium, as confirmed by fast growth of significant thick Li 2 CO 3 layer upon expose to air. This was in fact found to be the case, as we report here, on subsequent studies of the chemistry of VEC that caused this anode to contain residual lithium after a C/1 rate discharge to 2.7 V.
We show that during the formation cycles VEC is anodically polymerized at the cathode, producing a resistive film on the active material. This may result in polarization and incomplete discharge at the relatively high C/1 rate. The anodic instability of VEC would appear to disqualify it as an effective electrolyte additive for high rate Li-ion battery applications.
Experimental
The anode, composed of 92 wt.% Mag-10 graphite (Mitsubishi) and 8 wt.% polyvinylidene difluoride (PVDF) binder, was harvested from an ATD 18650 Li-ion cell that was assembled and went through formation at Quallion. Prior to shipping to LBNL, it had been discharged at C/1 rate to 2.7 V. This particular cell had been assembled using electrolyte:1.2 M LiPF 6 in ethylene carbonate (EC) and ethyl methyl carbonate (EMC) (3:7 w/w) (denoted as Gen2 electrolyte) with 2 wt. % vinyl ethylene carbonate (VEC). The Au electrodes were transferred from the glovebox to the helium-purged sample chamber of the FTIR spectrometer using a portable vacuum carrier. The measurements were performed on the sample surface, before and after rinsing with dimethyl carbonate (DMC), in attenuated total reflection (ATR) mode as described in
Ref. 18 . All spectra were acquired at a resolution of 4 cm -1 , and were summed over 512 scans.
Cyclic votalmmetry (CV) was carried out using an EG&G 273A potentiostat, at 10 mV/s scan rate between 3.0 -4.1 V, in a single-compartment three-electrode cell in the glovebox. The glass cell was sealed to prevent evaporation of the volatile electrolyte components. The working electrode was Au foil (1 cm x 1.5 cm), counter and reference electrodes were 1.5 mm thick Li foil.
For gel permeation chromatography (GPC), the film was solvent-stripped from the Au surface with DMC. After allowing the DMC evaporate in glove box, the gel like substance thus obtained was further diluted in tetrahydrofuran (THF) for GPC analysis.
The molecular weights of polymers were determined by gel permeation chromatography (GPC) using a PLgel 20µm Mixed B column and an Agilent 1100 Series differential 6 refractometer detector at 40° C. The lower mass detection limit for this detector is about 700 amu. THF was used as the eluting solvent at a flow rate of 0.33 mL/min, and monodisperse polystyrene standards were used to calibrate the molecular weight. The concentration of the polymer solutions used for GPC measurements depended on the amount generated during cell operation.
Results and Discussion

Residual capacity of the graphite anode
The low rate (C/40) discharge profile (Figure1) min. On subsequent holding at 4.1 V, the current decayed to 2 µA in 25 min. in the VEC-free electrolyte, with a total anodic charge of 3.1 µAh. On the other hand, in VEC containing electrolyte, the current decay required 200 min., and the total charge passed was 17.7 µAh, more than 5 times greater. The Au electrodes were then removed from the cells, and the excess electrolyte on the surface was allowed to evaporate in the glovebox until the electrodes were "dry" in appearance. Any products of the electrochemical oxidation remaining on the surface of the electrode were examined by post mortem analysis.
As reported previously [21] , the nearly invisible film, deposited on an inert electrode simply immersed in Gen2 electrolyte, consists of only of LiPF 6 -EC solvate precipitate. This is easily rinsed from the surface by DMC, leaving no IR active residue.
This was also the case for electrode cycled in the electrolyte absent of VEC. On the other hand, a film was clearly visible on the electrode after anodization in electrolyte with VEC additive. The molecular weight distribution of this film analyzed by GPC is shown in Fig.   4 . The film consists of species with molar masses ranging up to 10 8 , with the lower masses being more abundant. Such a broad range of molecular weight distribution is usually an indication of highly branched polymer, and is consistent with electrochemically-initiated polymerization, i.e. polymerization from electrochemically generated radical initiators [22] . that EC and EMC are oxidized on inert electrodes (like Au) at potentials higher than 4.2 V, a potential higher than used here. Therefore, it is reasonable to conclude that the features marked by arrows in spectrum C may be attributed to DMC insoluble products of VEC oxidation.
The marked features in spectrum C from the electrode were interpreted with the combined use of compilations of standard compounds [23] , group frequency assignments [24] , and quantum chemical calculations of group frequencies of candidate product molecules [23] . The detailed assignment is beyond the scope of this paper and will be presented in a more complete report on these calculations elsewhere [23] . Spectrum C has strong new features in the C-H stretching region, especially in the region near 2960 cm attributed to the methylene (-CH 2 -) asymmetric and symmetric modes in a saturated heteroatom cyclic ring, e.g. in EC or PC. We note that the unique asymmetric stretch of the vinylene group =CH 2 in VEC at 3094 cm -1 is completely absent in all of the spectra in Fig.5a . Aliphatic methylene (-CH 2 -) asymmetric and symmetric modes would be found at (Fig.6) , followed by loss of a proton to generate the delocalized allylic radical II, whose three resonance forms may each lead to polymers via attack on neutral carbonates.
Radical II may also undergo a 1,4 H-shift rearrangement to give rise to radical III, with additional resonance forms IIIA and IIIB. Polymerization via these electrogenerated allylic radicals leads to a variety of highly branched polycarbonates. Note that delocalization of the double bond produces both EC-like and VC-like rings, consistent with all the vibrational group assignments. 
Conclusions
